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ABSTRACT

This paper presents a numerical investigation on kerosene-air mixture detonation and behaviors of
thermal elasto-plstic thin metal tube under detonation loading based on multi-material analysis. The
detonation loading is modeled by the kerosene-air mixture detonation which is compared with
Chapman - Jouguet (C-]) condition and experimental cell size. To conform the elasto-plastic model,
plastic and elastic behaviors are verified by Taylor impact and plate bending motion, respectively. The
numerical results are compared with the theory on burst pressure of tube. The critical deformable

thickness with the thermal softening considered is good agreement with the theoretical value.
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G : Shear modulus
k : Conduction coefficient
: Pressure
Q; : Chemical energy released
S;i : Deviatoric stress
u, : r-axis velocity
u, : z-aixs velocity
a : Thermal expansion coefficient

: Strain rate

Kl
<0

/l’ : Lame’s first parameter
£t Density

o;; + Cauchy stress

w : Chemical reaction rate
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Table 1. Prarameters of kerosene—air mixture.

Kerosene-air

Parameter mixture [13]
Initial density, po 1.236 kg/m®
Initial pressure, Py 1.01x10° Pa

Initial temperature, 7p 433 K
Specific heat ratio, y 1.33

0.03036 kg/mol
8.0x10* m?/(kg-s)
71036 J/mol
1.9x10° J/kg
1.8x10°% Pa®
1750 m/s?”

Molecular weight, My

Pre-exponential factor, A

Activation energy, £,

Chemical heat release, g

C-J detonation pressure

C-J detonation velocity
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----------- 1/15 mm
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—=mimi=e= 11100 mm

3 2us 6 us 10 us

Pressure, MPa

Fig. 1 Resolution test using pressure profiles.

Fig. 2 Numerical smokefoil of Kerosene-air mixture
detonation cell structure simulation results of

1 bar.
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Fig. 3 Comparison between simulation and experiment
[16] using cell-width in various initial pressure.
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Fig. 4 Schematic of 2D cylindrical coordinate calculation
setup for Taylor problem.

Table 2. Prarameters of copper and beryllium.

Copper Beryllium
Parameter
[13] [18]
Initial density, po | 8930 kg/m® 1845 kg/m?
Initial Temp., 7y 293 K 293 K
Specific heat, ¢, | 368 J/(kgK) | 1825 J/(kgK)
Poison’s ratio, y 0.35 0.053896
Shear modulus, &G 45 GPa 153 GPa
Grueisen coeff, 7} 2.0 2.0
Sound speed, ¢y 3940 m/s 12870 m/s
So 1.49 1.124
Activation energy, 0.47 0.5
dao
Initial yield 400 MPa 10 GPa
strength, oyo
A 292 MPa -
B 0.025 -
n 0.31 -
m 1.09 -
Melting temp., 7, 1351 K 1560 K
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Fig. 5 Histories of the values of total, kinetic, and
internal energy density under Taylor impact.

Experimental data Numerical results
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Fig. 6 Comparison between experimental data [17]
and numerical results of copper rod shape.
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Fig. 7 Schematic of 2D rectangular coordinate
calculation setup for elastic vibration problem.
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Fig. 10 1D shock tube problem to check multi—
material interface tracking and treatment using
exact solution[20].



66 Zoly - o/gH - oM HEESIEEEIR
4. 20} 9l ko g 5 glow, gEUA A% FPLS Py
@ 4%, ol2d Ay HE TAS 7 5 U0

41 S 4 B 43 o ol2 %3 Fig. 159 44 7¥ & Ak

T U ARN-ZY EFE
o 4?& Tl iy Wyds
18l Fig. 113} o] 7433ttt detaA Wy
o ApolE FRlty] fdte] o HE 2%
FAE AAs ALdE FIIAT 77HA
(0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45 mm) T}&
A el s A8t e, PDE A3 &
1000 K 7h7ke] ¥¥ =7t gty wiE
(18], AZA-&7] &=l 7Agtr 7HHE
JE 2= WTH 1000 K Atole] o7 2%
(433 , 573, 773, 973 K)ol thgt AxhS Y3k
=3
Al Aol e, sid,
A Wy =24, =
Xboundary = 0.95X1+0.05Xo), 2
th 7A X2 HEY A HaE
Aol siFate gholr, Xou 27 £ 33

& grolth

4 2 >

of

N

N2
N
s
o
I\
o,
o

BN
o rx

42 2% g FA wE T2 #e] AF i

e 2 FAd w2 #e AFS FXFH A
Ab olxd o] 2%<Q1 DAF, 0% Z‘M 58 4,
Pus T3kl o]23 AW 38 FAE 1#st
914[15] A, ARN-Z7] EFEY HEM ]

&%, U 1750 m/soll Wik & & FA
uﬂr—E— o= ot Fig. 129 #o] 20395 &I
T Sl

Eq. 128} o] ¢(FE §9), T(&%) DAF,
(& WA), (FZd FA)E B39 Puws T

0.2 mm _ Plane shock for ignition Z-axis

Axisymmetric boundary =~ [-3X1S

&
2 mm Kerosene-air mixture
t mm Elasto-platic copper tube
2-t mm Void
30 mm

Fig. 11 Schematic of kerosene—air mixture detonation—
loaded copper tubes simulation.

250 WE #HY ddst aFd= A FE
Yo a9t 489y Adelt w4, F5
SEY A dRtE aHEe 54 2 =%
of W #o v@id WIS ¥R, Fig 13
I 2 A2H/E 25 & Ak Fig 13(a)$} (b)el
A FAFg F ARl B FAVL greldAsE
T w¥o] & ATt AR, Fig. 13(b)2t
(©F vinsty BRY &=7t &2 Fo] v
of Hlgle ®WFo] @ WA= AS AT 4
At ol HIEHZHQ @oltt o F AL
12 7, Johnsom-Cook Hdlo] o]3}e] 3Hk
o] HaA Ha ol wet HIF S
Fa Qe FEsH Evh Zad AR ¥
#HY B S FaATE 9EE A =7
ol #He] wiFo] Ao ®lE AA He A
ol

stA| 9, Fig. 149} 2o] §9% 2% x7olA

§otA &2 A5
= As 498 + 3
S8 o] Cauchy &¥di

H
T

Dynamic Amplification Factor
N
T

1750 m/s

0.2 mm thickness
- 0.3 mm thickness
= = = = 0.4 mm thickness

DAF=2.03

!
1000

1
1500

Shock Velocity, m/s

il
2000

Fig. 12 DAF versus velocity of varying copper tube

thicknesses.



Az=L-37| 2EE2 dEYo0[M st50 2

)
]
ro

20 55 2016, 10, = 67
H20&H A oJEIAA O EXM MHE B{A]
| ®
£ 0.4 — L]
E
o | L]
(%]
I |
So03l o
2
=
L]
g
L 0.2 —— Theoretical critical thickness
®  With thermal softening
O No thermal softening
460 660 860 10I00

(b) (© i |

3 mm 4.6 m

coo=an
roM®

Fig. 13 Snapshots of density [unit: kg/m'] ): To=
433 K, = 02 mm, (b): 7,~ 433 K, ﬁ 0.15
mm, and (¢) 7,= 973 K, = 0.15 mm, all of
which taken at 115 us without thermal
softening.

1.1
1

09
08
07

Fig. 14 Snapshots of density [unitt kg/m® in
comparison between (a) no thermal softening
and (b) with thermal softening under T,= 773
K and = 025 mm tube at 10 ps.

@ B

Wall temperature, K

Fig. 15 The calculated (symbol) and theoretical (solid
line) critical thickness plotted against heated
wall temperature.

WPol F BAHA He olEPAE I
e B9+ Ak

O::

b
o o
ot

g X ALks FdsAT HEY A st e
194 s E& 283 ARA-F7] EFE
o] HEVARA S &&3t AlstHon, 3
A A¥e ] 209 484 A A% HuE 7
3 AFsAch =g 559 #3/448 AsS
gelstr] s, i‘é T2 Fd9 Taylor
impact TAZ, & AT WEYR P ¥

H 2As %%0}9\9\03], Zkzh A3 3 MSC.
NASTRAN(FEM) Z7ste] e %3 74Z3
Atk 2=° o3 #o @44 AF WstE g
Ast7] st FYg vEVolA s5 shollA
z27] =7t b2 #E9 ASS FAsAT,

B

g 38 g #dE o247 HuE Fa
1 ZHNAME Edst adrt aeEor &
S g3tk B AFE Tl gre #e &
Zo mE #eo] HEYP B £Jo] o]RoAA &
© HA T FAE ol ¥ HHeE =EF)
Atk ol Ze =79 PDE AA ¢ =2 o



68 Z2eE - o/gE - MY S F I E SR
Tl ol A4 7Rk ATd Aot 2015.
6. Huang, Y., Tang, H. Li, J. and Zhang, C,
“Studies of DDT Enhancement Approaches
=z 7 for ~Kerosene-Fueled Small-Scale Pulse
Detonation Engines Applications,” Shock
E AZE AHEtdu At $FFF A7 Waves, Vol. 22, No. 6, pp. 615-625, 2012.
A dAAE v FzgstRe AYozE s 7.Lu, FK. and Braun, EM., “Rotating
ATAGe] AAE Wwol FPg HEAFAEA Detonation Wave Propulsion: Experimental
YALA (NRF-2013R1A5A1073861)2] A7 A3 Challenges,  Modeling, and  Engine
yrth. Concepts,” Journal of Propulsion and Power,
Vol. 30, No. 5, pp. 1125-1142, 2014.
8. Shen, H.,, Wang, G, Liu, K. and Zhang,
References D., “Numerical Simulation of Liquid-Fueled
Detonations by an Eulerian-Lagrangian
1. Roy, G.D., Frolov, SM., Borisov, A.A. and Model,” International Journal of Nonlinear
Netzer, D.W., “Pulse Detonation Engine: Sciences and Numerical Simulation, Vol. 13,
Challenges, Current Status, and Future No. 2, pp. 177-188, 2012.
Perspective,”  Progress in  Energy and 9. Wang, K, Fan, W, Zhu, X,, Yan, Y. and
Combustion Science, Vol. 30, No. 6, pp. Gao, Z., ”“Experimental Investigations on
545-672, 2004. Effects of Wall-Temperature on
2. Harris, P.G., Stowe, R.A., Ripley, R.C. and Performance of a Pulse Detonation Rocket
Guzik, SM., “Pulse Detonation Engine as a Engine,” Experimental Thermal and Fluid
Ramjet Replacement,” Journal of Propulsion Science, Vol. 48, No. 1, pp. 230-237, 2013.
and Power, Vol. 22, No. 2, pp. 462-473, 10. Wu, M.H. and Lu, T.H., “Development of
2006. a Chemical Microthruster Based on Pulsed
3. Smirnov, N.N. and Nikitin, V.E, Detonation,” Journal of Micromechaics and
“Modeling and Simulation of Hydrogen Microengineering, Vol. 22, No. 10, pp. 1-10,
Combustion in Engines,” Hydrogen Energy, 2012.
Vol. 39, No. 2, pp. 2025-2033, 2014. 11. Smirnov, N.N., Betelin, V.B., Nikitin, V.F,,
4. Gwak, M.C, Lee, Y.H., Kim, KH. and Phylippov, Y.G. and Koo, J.,, “Detonation
Yoh, JJ., “Deformable Wall Effects on the Engine Fed by Acetylene-Oxygen Mixture,”
Detonation of Combustible gas Mixture in Acta  Astronautica, Vol. 104, No. 1, pp.
a Thin-walled Tube,” International Journal of 134-146, 2014.
Hydrogen Energy, Vol. 40, No. 7, pp. 12. Oran, E.S. and Gamezo, V.N., “Origins of
3006-3014, 2015. the deflagration-to-detonation transition in
5. Tsubio, N., Watanabe, Y., Kojima, T. and gas-phase combustion,”  Combustion and
Hayashi, A.K, “Numerical Estimation of Flame, Vol. 148, No. 1, pp. 4-47, 2007.
the Thrust Performance on a Rotating 13. Lee, Y.G, Gwak, M.C. and Yoh, ]J.,

Detonation Engine for a Hydrogen-Oxygen
Proceedings of the
Vol. 35, No. 2, pp. 2005-2013,

Mixture,” Combustion

Institute,

“Numerical analysis of detonation of
kerosene-air mixture and solid structure,”

Journal of the Korean Society of Propulsion



H20A H5& 2016. 10.

A=sl-27| 2o
getay

zel 3 HE

o dEudolM

ro

st 2

AT 62

oh

14.

15.

16.

Engineers, Vol. 19, No. 2, pp. 29-37, 2015.
Kim, K. and Yoh, ]J.J., “A Particle Level-set
Based Eulerian Method for Multi-Material
Detonation Simulation of High Explosive
and Metal Confinements,” Proceedings of the
Combustion Institute, Vol. 34, No. 1, pp.
2025-2033, 2013.

Gwak, M.C, Lee, Y.H., Kim, KH.
Yoh, JJ., “Deformable Wall Effects on the

Detonation of Combustible gas Mixture in

and

a Thin-walled Tube,” International Journal of

Hydrogen Energy, Vol. 40, No. 7, pp.
3006-3014, 2015.
Akber, R., Thibault, P.A., Harris, P.G,,

Lussier, LS., Zhang, F., Murray, S.B. and
Gerrard, K,

Unsensitized

“Detonation Properties of
and Sensitized JP-10
Jet-A Fuels in Air for Pulse Detonation
Engines,” 36th AIAA/ASME/SAE/ASEE Joint

and

17.

18.

19.

20.

Propulsion Conference and Exhibit, Las Vegas,
N.Y., USA. AIAA-2000-3592, July, 2000.
House, J.W., Aref, B, Foster Jr.,, J.C. and
Gillis, P.P., “Film data reduction from
Taylor impact Journal —of  Stain
Analysis, Vol. 34, No. 5, pp. 337-345, 1999.
I.S., Mischenko, A.V.
A.A., “Numerical modeling of
elastoplastic flows by the Godunov method
Mathematical

tests,”
Menshov, and

Serejkin,

on moving eulerian grids,”
Models and Computer Simulations, Vol. 6,
No. 2, pp. 127-141, 2014.

manual, MSC. NASTRAN,
Version 12, MSC. Software, 2012.

Reference

Hu XY. and Khoo, B.C., “An interface
interaction ~ method  for  compressible
multifluids,”  Journal ~ of  Computational

Physics, Vol. 198, No. 2, pp. 35-64, 2004.





